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Thin film investigations of ferroelectric 
organic charge transfer systems
Michael Huth (Universität Frankfurt)

Charge tunneling through TTF-QCl4

Techniques

Transregional Collaborative Research Centre SFB/TR 49 
Frankfurt / Kaiserslautern / Mainz

Thin film growth and characterization

Focused electron beam induced deposition

Transport measurements

NN (Ph.D. student) 
- Preparation and characterization of TTF-QCl4 hybride structures 
- (Magneto-) Conductance measurements on hybride structures 
- Extraction of dielectric properties of TTF-QCl4 using model calculations 
- Measurement and analysis of slow conductance fluctuations and extraction of 

corresponding dielectric fluctuations
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TTF-QCl4 under anisotropic strain

TNI=81K

TTF-CA (~5µm)

t~5µm
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• Thick films bulk-like 
• Thin films with reduced TNI 

(clamping strain) 
• New probing technique for 

dielectric properties

• Improve phase purity 
• Control strain state
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Tuning and monitoring the ferroelectric state in 
thin film organic charge transfer systems
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TTF-CA THIN FILMS - CONT. MONITORING THE FE STATEREPORT

- Growth at ~ 190 K substrate temperature → 
controlled growth @ 0.5-1 nm/s 

- Polycrystalline layers, highly resistive, additional 
insulating impurity phase hard to suppress
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MONITORING THE FE-STATE REPORT

Use renormalization of charging energy of nano-
granular metal layer nearby to TTF-CA → 
conductance modulation of nano-granular metal

TTF-CA (50nm) on nano-
granular Pt(C) prepared by 
focused electron beam 
induced deposition (FEBID)

Modeling the conductance modulation (mean-field)

- Calculate capacitance of individual Pt 
grain at given distance to interface 

- Calculate conductance modulation in 
correlated variable range hopping regime

PROPOSAL

Substrate

Pt(C)

TTF-CA

Capping layer

T

g, dosegc

Arrhenius!
σ ~ exp(-Δ/T)

inelastic!
co-tunneling!
σ ~ exp[-(Δ’/T)1/2]

elastic!
co-tunneling!
σ ~ exp[-(Δ’’/T)1/2]

granular!
Fermi liquid!
σ ~ T1/2 (3D)

universal!
behavior!
σ ~ ln(T)

Conductance modulation 
by proximity effect

Dielectric sensing by charging energy 
modulation in a nano-granular metal 
M. Huth, F. Kolb, H. Plank 
Appl. Phys. A, 2014 
!
Probing near-interface ferroelectricity by 
conductance modulation of a nano-granular 
metal  
M. Huth, A. Rippert, R. Sachser, L. Keller 
Mater. Res. Express, 2014, accepted

Conductance modulation 
by matrix replacement

theory: Udalov et al., Phys. Rev. B (2014)
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Interplay of Coulomb blockade and ferroelectricity in nanosized granular materials
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We study electron transport properties of composite ferroelectrics—materials consisting of metallic grains
embedded in a ferroelectric matrix. In particular, we calculate the conductivity in a wide range of temperatures and
electric fields, showing pronounced hysteretic behavior. In weak fields, electron cotunneling is the main transport
mechanism. In this case, we show that the ferroelectric matrix strongly influences the transport properties through
two effects: (i) the dependence of the Coulomb gap on the dielectric permittivity of the ferroelectric matrix,
which in turn is controlled by temperature and external field, and (ii) the dependence of the tunneling matrix
elements on the electric polarization of the ferroelectric matrix, which can be tuned by temperature and applied
electric field as well. In the case of strong electric fields, the Coulomb gap is suppressed and only the second
mechanism is important. Our results are important for (i) thermometers for precise temperature measurements and
(ii) ferrroelectric memristors.

DOI: 10.1103/PhysRevB.89.054203 PACS number(s): 72.15.−v, 77.80.−e, 72.80.Tm

I. INTRODUCTION

In the past years, composite materials, consisting of con-
ductive grains embedded into some insulating matrix, have at-
tracted continuously increasing attention due to the possibility
to combine different, and sometimes competing physical phe-
nomena in a single material and observe new fundamental ef-
fects [1,2]. The possible range of observable behaviors is very
broad and the following examples are by no means exhaus-
tive: granular metals can show the insulator-superconductor
transition [3–5] due to an interplay of superconductivity and
Coulomb blockade, giant magnetoresistance effects appear in
granular ferromagnets [6,7] because of the spin dependent tun-
neling of current carriers between grains, or the combination
of ferroelectric and ferromagnetic materials allows to produce
a strain mediated magnetoelectric coupling [8–10].

Besides those fundamental properties, composite materi-
als are promising candidates for concrete microelectronics
applications. Composite ferromagnets, for example, can be
used in magnetic field sensors, due to a high sensitivity
of their resistance to a magnetic field change. Granular
ferroelectrics—subject of this work—are useful in memory
[11,12] and capacitor [13,14] applications because of their
hysteresic behavior and their high dielectric permittivity.

The most interesting and complex aspects of these hybrid
systems are their electron transport properties. In particular,
in (nano) granular materials, several fundamental physical
phenomena have to be taken into account in order to develop
a theory for the electron conductivity. In this respect, the most
important are Coulomb blockade [15–17], grain boundaries
[2], and quantum interference effects [18,19]. The transport
properties of composite systems are determined by (i) the
material and the morphology of individual grains and (ii) the
nature of the coupling between grains. The conducting grains
themselves can be made out of metallic [16], superconducting
[3–5], or ferromagnetic [6,7] materials in various sizes and
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FIG. 1. (Color online) (Top) Sketch of a granular ferroelectric
(GFE) material with two metal contacts (source and drain). (Bottom)
Sketch of a pair of grains embedded in a FE matrix with radii R1

and R2 and distance 2r between them. The vector P⃗ is the local
electric polarization of the FE matrix and the vector E⃗i is the internal
electric field appearing in the system due to the presence of charged
impurities. The vector E⃗e is the applied external electric field.

shapes. The effective coupling strength between grains can
be controlled by the materials in which the grains are
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FE-STRAIN COUPLING PROPOSAL

- TTF-CA thin film on Si substrate shows NI transition at 56 K 
- Full clamping will lead to biaxial tensile strain between 0.2% 

(stack axis ⊥ plane) and 1% (stack axis in plane) 
- Estimate of strain-induced TC shift from hydrostatic pressure data 

on single crystals (0.34 K/MPa) → 5 - 23 K

SOLITON DYNAMICS PROPOSAL

Analysis of biaxial strain effects 
of NI transition by first 
principle calculations (B2)

ARTICLE IN PRESS

polarization is evaluated with the Berry phase approach using the
following expression:
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is the overlap matrix between two Bloch functions uðlÞm ðkÞ and
uðlÞn ðk0Þ. l is a parameter controlling the adiabatic switching of the
polarization. n is a four-component vector defined as

k¼ x1G1þx2G2þx3G3 ð5Þ

and

x4 ¼ l: ð6Þ

Each Gi is one of the reciprocal lattice vectors.
In practical calculations, we used our computational code

QMAS (Quantum MAterials Simulator) [10] based on the projector
augmented-wave (PAW) method [11] with GGA [12]. Electronic
structures and spontaneous polarization values have been
obtained on the experimental crystal structure as well as that
with computationally optimized atomic positions. These are
regarded as the l¼ 1 states. The corresponding l¼ 0 structures
are obtained by averaging the atomic positions so that the
inversion symmetry exits. Structures for intermediate l values are
determined by simple interpolation. The plane-wave energy
cutoff was set to 20.0 hartree. The convergence criterion for the
maximum force was 5:0& 10-5 hartree=bohr. The number of k
points for self-consistent calculations and structural optimiza-
tions was set to 8& 8& 4 in the full Brillouin zone.

3. Results and discussion

The crystal structure of the I phase of TTF-CA [7] is represented
in Fig. 1 as a projection onto the ac plane. It is shown that TTF and
CA molecules are stacking alternately along the a direction. In the
I phase, dimerization of TTF-CA pair occurs along this stacking
direction and it is thought as the source of the spontaneous
polarization. The corresponding Brillouin zone is shown in Fig. 2
together with several symmetry points and lines. Fig. 3 represents
electronic band dispersions in the vicinity of the band gap for the
experimental structure of the TTF-CA I phase. The obtained band
gap is indirect and its value is 0.13 eV. The gap at the G point is
0.21 eV while the experimental charge-transfer gap was reported
as 0.63 eV from optical conductivity measurements [4]. Such a

band-gap underestimation problem is well-known for GGA and
local density approximation (LDA). Two occupied bands and two
unoccupied bands are shown. They originate from the highest
occupied molecular orbital (HOMO) of TTF and the lowest
unoccupied molecular orbital (LUMO) of CA. The corresponding
electronic density of states is shown in Fig. 4. It is shown that the
TTF-HOMO contributes predominantly to the lower two bands
while the CA-LUMO to the upper two bands though there is strong
hybridization between them. The charge transfer amount was
estimated to be 0.61 by Mulliken charge population analysis. It is
slightly smaller than the above-mentioned experimental values
0.70–0.75. General features of the present results are in good
agreement with those reported previously [14].

Figs. 5 and 6 represent the evolution of ionic and electronic
spontaneous polarization components and total ones,
respectively. The ionic contribution increases linearly with l for
each direction. This is definite from Eq. (2). As for the electronic
contribution, the situation depends on the direction strongly. The

Fig. 1. Crystal structure of the I phase of TTF-CA [7] projected onto the ac plane.

Fig. 2. Brillouin zone and symmetry points/lines for TTF-CA. X, Y and Z correspond
to Ga=2, Gb=2 and Gc=2, respectively.

Fig. 3. Electronic band dispersions for the experimental structure of the TTF-CA I
phase.

Fig. 4. Electronic density of states for the experimental structure of the TTF-CA I
phase.
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ambient pressure

Different and variable strain 
states by different substrate 
materials and cantilever 
approach for fine-tuning

- Apparent noise in conductance data most likely caused by 
domain wall (solition) dynamics and fluctuating order parameter 
close to NI transition 

- Access to domain wall (soliton) dynamics via analyzing 
conductance noise of nano-granular metal

Fluctuation spectroscopy on 
conductance of nano-granular 
metal in low-frequency range 
(B11)

A tunable strain sensor using nanogranular 
metals 
Ch. H. Schwalb, Ch. Grimm, M. Baranowski, 
R. Sachser, F. Porrati, H. Reith, P. Das, J. 
Müller, F. Völklein, A. Kaya, M. Huth 
Sensors, 2010

- Frequency-dependence of 
damping in nano-granular strip 
line with TTF-CA top layer at 
higher frequencies 

- Analysis of magnetic field 
dependence → multiferroicity?

4He sample probe for combined microwave 
and dc transport measurements 
O. Dobrovolskiy, J. Franke, M. Huth  
Meas. Sci. Technol., 2014, under review

N(PE)

I(FE)

I(PE)?
(Tt,pt)?

(Tcr,pcr)?

Fig.P1

Mat. Res. Expr. 1, 046303 (2014) 
Appl. Phys. A 117, 1689 (2014)

• Influence of anisotropic strain 
on dimerization and charge 
transfer (→ εr(E;T)) 

• Individual TTF-QCl4 growth 
domains (~500nm) by nano-
patterning (→ anisotropy) 

• Dynamics of charged domain 
walls (→ slow fluctuations in εr) 

• Influence of magnetic field on 
dielectric response
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Electric-Field Control of Solitons in a Ferroelectric Organic Charge-Transfer Salt
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The role of solitons in transport, dielectric, and magnetic properties has been revealed for the quasi-one-

dimensional organic charge-transfer salt, TTF-QBrCl3 [tetrathiafulvalene (TTF)-2-bromo-3,5,6-

trichloro-p-benzoquinone (QBrCl3)]. The material was found to be ferroelectric and hence the solitons

should be located at the boundary of the segments with opposite electric polarization. This feature enabled

the electric-field control of soliton density and hence the clear-cut detection of soliton contributions. The

gigantic dielectric response in the ferroelectric phase is ascribed to the dynamical bound and creeping

motions of spinless solitons.

DOI: 10.1103/PhysRevLett.104.227602 PACS numbers: 77.22.!d, 75.60.Ch, 76.20.+q, 77.84.Jd

Electrons confined to a one-dimensional (1D) chain
exhibit rich physics [1]. The lattice-modulated charge-
density wave (CDW) is one of the paradigms [2].
Although the CDW ground state is classified as a band
insulator, its low-energy excitations are collective modes,
i.e., ‘‘wavelike’’ phasons and amplitudons [3]. This situ-
ation becomes more intriguing when the lattice modulation
is dimerization with degenerate patterns; here, the phason
mode vanishes but ‘‘particlelike’’ solitons (or ‘‘misfits’’ in
dimerization) appear as low-energy excitations instead
[4,5]. In trans-polyacetylene, the systematic control of
soliton density by chemical doping has revealed that sol-
itons are largely responsible for the charge transport and
magnetic properties [6], yet a high degree of structural
disorder of the polymers has made conclusive arguments
of soliton dynamics challenging. The dimerized organic
charge-transfer (CT) salts are another candidate in which
solitons may play a major role [7–14]. However, the soliton
density has never been controlled in the organic CT salts,
and therefore the role of solitons, especially in transport
and dielectric properties, has remained far from thorough
understanding. In this Letter, we reveal the soliton contri-
butions to various physical properties in the dimerized
organic CT salt, TTF-QBrCl3. By exploiting the ferroelec-
tricity coupled to the dimerization pattern, we could con-
trol the soliton density by using an electric field. This
unique method has enabled us to extract the soliton con-
tribution directly.

TTF-QBrCl3 has a quasi-1D structure composed of
mixed stacks of !-electron donor (D; TTF) and acceptor
(A; QBrCl3) molecules [15]. As in the case of the proto-
typical neutral-to-ionic transition (NIT) system TTF-QCl4
(TTF-p-chloranil) [16], TTF-QBrCl3 undergoes the first-

order NITat Tc ( " 70 K) but with more enhanced valence
fluctuations [12,15]. At high temperatures the system is
nominally neutral and the degree of charge transfer " is
#0:3, while at low temperatures nominally ionic and
"# 0:6. Importantly, as schematically shown in Figs. 1(a)
and 1(b), this NIT is accompanied simultaneously by the
D-A dimerization [15,17] and thus possesses an aspect of
Peierls transition. In the ionic phase, the two different
dimerization patterns are obviously degenerate
[Fig. 1(b)]; hence, the prerequisite for soliton excitation
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FIG. 1 (color online). Schematic illustrations of mixed stack
composed of donor (D) and acceptor (A) molecules. (a) and
(b) Neutral and ionic stacks with charge transfer "N (# 0:3) and
"I (# 0:6), respectively. (c) A pair of spin soliton and spin
antisoliton. (d) A pair of spinless soliton and spinless antisoliton.
The small and large arrows and underlines represent spin-1=2,
electric polarization P, and a dimer singlet state, respectively.
For simplicity, the chemical structures of solitons are drawn as
an abrupt change in the P direction in the strong-dimerization
limit. In (c) and (d), fractional charge carried by each soliton is
also presented in this strong coupling limit.
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Project goals and program
• TTF-QCl4 as matrix in metallic 

2D nano-dot lattices → charged 
domain walls as background 
charges ⇒ EC renormalization 

• Field-poling control of domain 
wall density 

• Internal vs. switching field 100
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Magnetic interactions in TTF-QCl4
Project goals and program

•

COUPLING OF FERROELECTRICITY AND . . . PHYSICAL REVIEW B 89, 174203 (2014)

FIG. 2. (Color online) Mechanism for magnetoelectric coupling
in composite multiferroics. Right panel shows the overlap of the
electron wave functions (blue and red curves) located in grains G1 and
G2 embedded into ferroelectric (FE) matrix. This overlap defines the
exchange coupling J in Eq. (1) and the strength of spin correlations
(blue arrows). The localization length ξ (ϵ), with ϵ being the dielectric
permittivity of FE matrix, shows the characteristic decay of electron
wave functions. Left panel shows ϵ(T ) vs. temperature T . The
dielectric permittivity ϵ is small for temperatures T = T1 ≪ T FE

C ,
with T FE

C being the FE transition temperature, leading to small
localization length ξ (ϵ) and small overlap of electron wave functions
resulting in a small exchange coupling J and uncorrelated spin state.
Close to the FE transition (T = T2), the dielectric permittivity ϵ is
large leading to the large overlap of electron wave functions and to
the strong exchange coupling resulting in the ferromagnetic state.

decaying exponentially outside the grain. Substituting Eq. (3)
into Eq. (1) we find the intergrain exchange coupling constant:

J ∼ 1
ϵ

{
e−4d/ξ , d ≫ a
e−4(d−2a)/ξ , d − 2a ≪ a.

(4)

In general, the exchange coupling can be estimated as J ∼
(1/ϵ)e−γ d/ξ , with numerical constant γ ! 4. Using Eq. (2) we
find

J = J0 ϵ
γ d
a

−1, (5)

where J0 > 0 is the exchange coupling for permittivity ϵ = 1.
J0 decays exponentially with increasing the intergrain distance
d leading to the decrease of overall exchange coupling J in
Eq. (5) with increasing the distance d. This can be seen using
Eq. (4). The exponent in Eq. (5) has a clear physical meaning:
the first term, γ d/a, is due to ϵ-dependent localization length
ξ , the second term (−1) is due to ϵ-dependent Coulomb
interaction. These mechanisms compete with each other.

The exchange coupling J in Eq. (5) depends on the ratio of
grain sizes a and the intergrain distances d. For large intergrain
distances, γ d > a, the exponent of dielectric permittivity ϵ in
Eq. (5) is positive leading to the increase of exchange coupling
J due to the delocalization of electron wave functions. In
the opposite case, of small intergrain distances, γ d < a, the
exchange coupling J decreases with increasing of ϵ.

The criterion of SPM-FM phase transition in composite
multiferroics can be formulated as follows:

J[ϵ(TM)] = TM . (6)

Here, J is the exchange coupling averaged over all pair of
grains (it includes effective nearest neighbor number) and TM
is the transition (or ordering) temperature.

The temperature dependence of the dielectric permittivity
ϵ(T ) of composite ferroelectrics—materials consisting of
metallic grains embedded into FE matrix was discussed
recently [31,32]. We assume that the metal dielectric constant
is very large (infinite) at zero frequency. Therefore, we can
write for sample permittivity ϵ = ϵfe($/$fe), with ϵfe =
1 + 4πχ and $, $fe being the sample and FE matrix volume,
respectively, and χ is the average susceptibility of FE matrix.

To estimate the dielectric permittivity of FE matrix we
consider the region between two particular neighboring grains
as thin FE film with local polarization perpendicular to the film
(grain) boundaries. The direction of local polarization varies
from one pair to another pair of grains, and its sign is defined by
the external and internal electric fields. The origin of internal
field is the electrostatic disorder inevitably present in granular
materials. The behavior of local polarization is described by
the Landau-Ginzburg-Devonshire (LGD) theory [33,34].

III. DISCUSSION

Figure 3 shows the average exchange coupling constant
J versus temperature. For large intergrain distances, γ d > a,
the exchange coupling J has a maximum in the vicinity of
the ferroelectric Curie temperature TFE

C , Fig. 3(a). For small

FIG. 3. (Color online) Exchange coupling constant J vs. temper-
ature T . The dotted line stands for temperature with temperatures
T1,2,3 being the solutions of Eq. (6). (a) Limit of large intergrain
distances, γ d > a in Eq. (5), with superparamagnetic (SPM) state
existing for temperatures T < T1 or T > T2 and the ferromagnetic
(FM) state appearing for temperatures T1 < T < T2. (b) Limit of
small intergrain distance, γ d < a in Eq. (5), with FM state appearing
for temperatures T < T1 and T2 < T < T3 and the SPM state
being above the temperature T3 and in the temperature interval
T1 < T < T2.
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• Exchange-bias type coupling of TTF-QCl4 spins to 
ferromagnetic nano-dots in 2D lattice 

• Magnetic field poling of magnetic dots → modified spin 
arrangement in TTF-QCl4 dimer stacks? Influence on 
ferroelectric state? Artificial multi-ferroic?

Job description of staff from requested funding

B8 B11

- 4He and 3He cryo systems (1.5 - 300K, 12/14T; 
0.3 - 80K, 9/11T) 

- UV-lithography and clean room for contact 
preparation (AG Roskos) 

- E-beam lithography (see dual beam SEM/FIB) 
- S(T,B), R(T,B) (dc,ac); I(V), C(T) 
- HF-measurement setup of strip line devices 

(up to 14 GHz)

Ⓒ M. Winhold

Dual beam SEM/FIB

In-situ electrical char.

gas handling (9-channel)

Nano tester

Cold trap
+ EDX

+ Meissner trap

+ Plasma cleaner

+ Reactive gases

+ Heating stage

- 2 OMBD systems 
- Multiple sources 
- Cooling / heating 

stages 
- X-ray diffractometer 
- AFM

4He sample probe for combined microwave and dc transport measurements 3

Figure 1. Sketch of the experimental setup. (a) The instrumentation test set for sourcing and analyzing combined dc and
microwave signals. (b) Six coaxial cables and the dc bus passing by the heat-screening shields of the sample probe. (c) The
detachable sample housing box, the top lid unmounted. (d) Photoimage of the completely equipped top-loading 4He sample
probe.

Nominal room-temperature insertion losses at frequen-
cies of 1 GHz and 10 GHz are 1.46 dB/m and 4.79 dB/m, re-
spectively. The coaxial cables are arranged essentially along
the rod with the exception of the places where these have to
pass by the heat-reflective shields, as is shown in Fig. 1(b).
On the warm end of the sample probe all coaxial cables are
soldered to the vacuum-sealed SMA connectors, while on its
cold end they are soldered to the right-angle mini-SMP con-
nectors [44]. The sample probe thus equipped, see Fig. 1(d),
fits into the ↵32 mm VTI shaft.

(c) The detachable sample-housing copper box is
screwed on the cold end of the sample probe. Its lateral
dimensions are limited by the solenoid inner hole diameter.
The housing consists of the main frame (MF), onto which
the sample is mounted, the upper frame (UF), as well as the
bottom (BL) and top lids, see Fig. 1(c). Six mini-SMP con-
nectors are precisely soldered onto UF which has a square
inner space with a side of 10.5 mm. Accordingly, the housing
allows for accommodating samples with lateral dimensions
of up to 10 ⇥ 10 mm2. The free volume inside the hous-
ing is kept as small as possible to move any box resonances
above 20 GHz. Our experiment is primarily oriented on
measurements on thin films in the microstrip geometry so
that this will be in the focus of our subsequent presentation,
while hair-pin, meander, stripline, and coplanar waveguide
structures can also be used for microwave measurements
with this housing. Regardless of the particular geometry,
the substrate is thermally and electrically anchored to MF.
Four adjusting screws are finely tightened for leveling MF
with respect to UF and, thereby, for pressing the SMA pins
against the film’s gold contact pads. This adjustable level-
ing ensures good electrical contact between the sample and
the inner connector pins when using substrates of di↵erent
thicknesses, which usually are between 0.1 and 1 mm. A
temperature Cernox and an axial Hall sensor are mounted

inside the main frame right underneath the sample [45]. The
Hall sensor is used for precise setting small magnetic fields
as strong-field solenoids are known for their remanent fields.
A nichrome heater wire with a resistance of 40 ⌦ is enclosed
in a separate groove milled around the temperature and the
Hall sensors. BL protects the heater and the sensors from
undesired mechanical contacts. The bulk copper housing
serves as a radiator for providing a uniform temperature
distribution during the measurements. In addition to this,
the housing electrically shields the sample.

Once the sample is mounted, the top lid closes the hous-
ing. The whole construction is screwed onto the cold end of
the sample probe. Then the heater and temperature sens-
ing wiring is connected via a Fisher connector to the dc
bus. Finally, the six semi-rigid coaxial cables are connected
to the mini-SMP slots, electrical contacts of the sample are
checked, and the setup is ready for measurements.

3. Microwave performance

To characterize the microwave performance of our setup,
we use a thin-film test sample. In general, several pla-
nar geometries are suitable for microwave measurements
on a thin-film sample. These include a hairpin line, a mi-
crostrip line, a coplanar waveguide, and their di↵erent mod-
ifications. All these geometries can easily be fabricated by
photolithographic processes. Aiming primarily at study-
ing the microwave-driven dynamics of Abrikosov vortices
in nanopatterned superconductors, we have chosen the mi-
crostrip line for the experiment. It is this geometry which
allows in the most simple way for adding in-plane leads for
measuring voltage drops along and across the sample and
thus, for straightforwardly controlling its transition to the
normal state.


